ERK5 is unique among mitogen-activated protein kinases (MAPKs) in that it contains a large C-terminal tail. We addressed the question of how this tail could affect the signaling capacity of ERK5. Gradual deletion of the C-terminal domains resulted in a drastic increase of ERK5 kinase activity, which was dependent on the upstream MAPK cascade, thus indicating a possible autoinhibitory function of the tail. It is interesting that ERK5 was able to autophosphorylate its own tail. Moreover, ERK5, which was found to be expressed in virtually all kinds of cell lines, localized to nuclear as well as cytoplasmic compartments. The localization of ERK5 was determined by its C-terminal domains, which were also required for appropriate nucleocytoplasmic shuttling. Taken together, these results indicate that ERK5 signaling is directed by the presence of its unique Cterminal tail, which might be the key to understanding the key role of ERK5 in MAPK signaling.
Mitogen-activated protein kinases (MAPKs)
1 are evolutionarily conserved enzymes found in virtually all eukaryotes (1) . Although MAPKs often serve as common conduit for a myriad of diverse stimuli, they still lead to highly defined and distinct cellular responses. Recent research has shed some light on this apparently paradoxical situation. The duration and magnitude of MAPK activation on one hand and the localization of MAPKs on the other hand were identified as critical parameters that define specific cellular responses (2, 3) . One of the most explored functions of MAPK signaling is the regulation of gene expression by direct or indirect phosphorylation and subsequent activation of transcription factors (4) . Because many of these transcription factors are located in the nucleus, translocation of MAPKs to the nuclear compartment is essential for exerting transcriptional control (4, 5) .
MAPKs can be grouped into four main subfamilies: the extracellular signal-regulated kinases (ERKs) 1 and 2, the c-Jun N-terminal kinases, p38 stress-activated protein kinases, and ERK5. The members of the first three subgroups are highly homologous and have overlapping, if not redundant, signaling capabilities. ERK5, however, is the only member of the last and fourth subgroup of MAPKs. The outstanding role of ERK5 within MAPK signaling is best demonstrated by the fact that ERK5-deficient embryos die between days 9.5 and 11.5 because of severe cardiovascular defects (6, 7), whereas mice lacking ERK1 develop normally (8, 9) . Using a conditional knock-out, the role of ERK5 could be extended to the maintenance of the cardiovascular system in adult mice (10) .
ERK5 differs considerably from other MAPKs, which are only slightly larger than the minimum kinase core defined by cyclin-dependent kinases (11) , in that ERK5 contains an unusually long carboxyl-terminal tail. Because of this unique 400-amino acid extension, ERK5 was also termed big MAP kinase 1. The C-terminal tail of ERK5, containing two prolinerich (PR) domains, shares no higher homology with other mammalian proteins. As early as 1995, after the simultaneous cloning of ERK5 by two different groups (12, 13) , Zhou and colleagues (13) speculated that the strikingly large tail of ERK5 might contribute to the regulation of its activity and/or localization. Elucidation of the function of the C terminus was also expected to be a key step toward understanding the particular role of ERK5 among MAPKs in the regulation of cell physiology. Although ERK5 has been shown to be involved in the control of various cellular processes ranging from myoblast differentiation and cancer cell proliferation to survival of neurons (14 -16) , the exact function of its unique C-terminal domains remained largely unknown. The demonstration that the tail of ERK5 could act as transcriptional co-activator further added to the enigmatic character of this big MAPK (17) . In this study, we addressed the question of whether and how the unique C-terminal domains could influence the signaling capacity of ERK5. Using sequentially truncated mutants of ERK5, we showed that the C-terminal tail regulated its activation, autophosphorylation, localization, and the dynamics of nucleocytoplasmic shuttling. In agreement with in vitro studies performed by Mody et al. (18) , we found that ERK5 is able to phosphorylate its own C-terminal tail at several sites. Based on our data and results from Yan et al. (19) identifying a cryptic nuclear localization sequence in tail region, we propose a hypothetical model that could explain the behavior of ERK5 mutants and prove helpful when addressing questions of ERK5 function. In this model, we consider ERK5 to exist in a closed or open confirmation, with the latter stabilized by activating phosphorylations and allowing nuclear import.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-For the generation of ERK5 antibodies, rabbits were immunized with a fusion protein of GST and ERK5 amino acids (aa) 410 -558. The anti-HA antibody 12CA5 (Roche Diagnostics) was used for immunoprecipitation and the HA.11 (BAbCO) for Western blot analysis. Anti-ERK2 K23 antibody was from Santa Cruz Biotechnology and anti-tubulin antibody was from Sigma-Aldrich. Anti-Ran-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ‡ Current address: Center for Genomic Regulation (CRG), Passeig Maritim 37-49, E-08003 Barcelona, Spain. E-mail: marcus.buschbeck@ crg.es § To whom correspondence should be addressed: Max-Planck-Institute of Biochemistry, Dept. of Molecular Biology, Am Klopferspitz 18a, D-82152 Martinsried, Germany. Tel.: 49-89-8578-2512; Fax: 49-89-8578-2454; E-mail: ullrich@biochem.mpg.de. 1 The abbreviations used are: MAPK, mitogen-activated protein kinase; aa, amino acids; CL, crude cell lysate; ERK, extracellular signalregulated kinase; MEK, MAPK/ERK kinase; GSH, glutathione; GST, glutathione S-transferase; HA, hemagglutinin; IP, immunoprecipitation; NES, nuclear export sequence; NLS, nuclear localization sequence; WB, Western blot.
GAP antibody was kindly provided by Frauke Melchior (Max-PlanckInstitute of Biochemistry, Martinsried, Germany). Horseradish peroxidase-conjugated goat anti-rabbit antibody was from Bio-Rad, goat anti-mouse antibody was from Sigma, and donkey anti-goat antibody was from Jackson ImmunoResearch Laboratories. Chemiluminescence reagents and [␥-
32 P]ATP (6000 Ci/mmol) were from PerkinElmer Life and Analytical Sciences. Protein A, protein G, and GSH-Sepharose beads were purchased from Amersham Biosciences. Epidermal growth factor was from Invitrogen. Leptomycin A and the MAPK inhibitor U0126 were purchased from Calbiochem/Merck Biosciences. Nitrocellulose membrane was from Schleicher & Schü ll. All other reagents were obtained from Merck.
Plasmid Construction and Protein Purification-All cDNAs used for transient transfection were in cytomegalovirus promoter-driven expression plasmid pcDNA3 (Invitrogen); HA-ERK2 (20) , HA-ERK5, and MEK5 DD (21) . Constructs for truncated variants of ERK5 and the ERK2/ERK5 chimera consisting of aa 410 -815 of ERK5 C-terminally fused to full-length ERK2 were generated by standard PCR techniques. The non-activatable form of ERK5 was generated by site-directed mutagenesis of the activating motif TEY to AEF. Fusion proteins of GST and portions of ERK5 were constructed by subcloning cDNA fragments encoding ERK5 aa 410 -558, 558 -709, and 710 -815 into pGEX5X vectors (Amersham Biosciences). Bacterial expression construct for GST-MEF2C (aa 175-327) was kindly provided by Silvio Gutkind (Bethesda, MD). All GST fusion proteins were expressed in BL21 DE3 Codon ϩ (Stratagene) and purified with glutathione-Sepharose beads. Sequences of used oligonucleotides are available on request.
Cell Lysis, Immunoprecipitation, and Immunoblot Analysis-Cell cultures were washed with PBS and lysed with lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerine, and 1% Triton X-100) supplemented with phosphatase and protease inhibitors (10 mM Na 4 P 2 O 7 , 1 mM phenylmethylsulfonyl fluoride, 1 mM orthovanadate, 1 mM NaF, and 0.5% aprotinin). Cellular debris was removed by centrifugation. Protein concentrations were determined using the Micro BCA protein assay kit (Pierce Chemical). Supernatants were precleared with 20 l of Sepharose slurry. Immunoprecipitations were carried out as described previously with slight modifications (21) . In brief, lysates were incubated with anti-HA or anti-ERK5 antibodies together with 20 l of either protein G or A-Sepharose, respectively, for at least 3 h on a rotating wheel at 4°C. Precipitates were washed three times with lysis buffer, suspended in 1.2ϫ SDS sample buffer, boiled for 3 min, and subjected to gel electrophoresis. Proteins were transferred to nitrocellulose membranes and immunoblotted. If quantification was necessary, filters were exposed to the LAS1000 chemiluminescence camera (Fujifilm) and analyzed with the program Image Gauge 3.3 (Fujifilm).
Kinase Assays-For in vitro ERK5 kinase assays, immunoprecipitates were washed twice with lysis buffer and once with kinase assay buffer (25 mM HEPES, pH 7.5, 20 mM MgCl 2 , 2 mM dithiothreitol, and 0.5 mM orthovanadate). Samples were suspended in 30 l of kinase assay buffer containing 50 M ATP, 1.5 Ci of [␥-
32 P]ATP, and 3 g of GST-MEF2C as substrate and incubated for 20 min at 30°C under constant shaking. For the measurement of ERK2 and ERK2/5 kinase activity, reactions were performed in a different kinase buffer (20 mM HEPES, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol, and 0.5 mM orthovanadate) containing 15 M ATP, 1.5 Ci of [␥-
32 P]ATP, and 10 g of myelin basic protein (MBP) as substrate for 10 min at room temperature. In general, kinase reactions were stopped by the addition of 2ϫ SDS sample buffer and boiling. Samples were resolved on SDS-PAGE and transferred to nitrocellulose. Phosphorylation was detected by filmless autoradiographic analysis using the BAS2500 Reader (Fujifilm) and quantified with Image Gauge 3.3 (Fujifilm). The amount of precipitated kinase was visualized by immunoblot analysis.
Immunofluorescence-COS-7 cells were seeded at 2 ϫ 10 4 cells/cm 2 on glass coverslips. Transfections were performed as described above,
FIG. 2. C-terminal domains reduce activity of ERK5
. COS-7 cells were transfected with expression constructs for HA-tagged ERK5 and several truncated mutants. A, a schematic scheme of used constructs is shown. Numbers given as names for truncated mutants refer to the last amino acid. B, cells were lysed 48 h after transfection, and exogenous ERK5 variants were immunoprecipitated using anti-HA antibody. Precipitates were subjected to kinase reactions using GST-MEF2C as substrate. Samples were separated and analyzed by anti-HA immunoblot and autoradiography (top and bottom, respectively). IP, immunoprecipitation. C, a quantification of kinase activity is shown. Substrate phosphorylation was corrected for the amount of precipitated kinase and normalized. Data represent the mean of three independent experiments Ϯ S.D. D, a quantification of autophosphorylation is shown. Data represent the mean of three independent experiments Ϯ S.D. and cells were processed for immunofluorescence after 48 h of further culture. Cells were washed twice with PBS and fixed with 3.7% paraformaldehyde for 20 min at room temperature. Samples were washed again and permeabilized with 0.2% Triton X-100 in PBS for 15 min. After washing thoroughly, samples were incubated in pure fetal calf serum for at least 1 h. After washing twice with PBS containing 0.05% Tween 20 samples were incubated with a 1:1000 dilution of anti-HA or anti-ERK5 antibodies in PBS/0.05% Tween 20 and fetal calf serum (1:1) for 1 h. After three more washes with PBS/0.05% Tween 20, cells were incubated with respective secondary Cy2-labeled goat antibodies (Jackson ImmunoResearch Laboratories) in a 1:1000 dilution for 1 h. Samples were washed three more times with PBS/0.05% Tween 20, rinsed in distilled water, and mounted. DNA was stained for 10 min with 1 g/ml bisbenzimide, H33342, which was included in the penultimate washing step.
Preparation of Nuclear Extracts-48 h after transfection 1 ϫ 10 6 COS-7 cells were trypsinated and collected by centrifugation at 500 ϫ g. After washing twice with PBS cells were lysed in hypotonic lysis buffer (10 mM Tris, pH 7.5, 10 mM NaCl, 3 mM MgCl 2 , and 0.5% Nonidet P-40) supplemented with phosphatase and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM orthovanadate, 1 mM NaF, and 0.5% aprotinin) on ice for 5 min. Nuclei were precipitated by centrifugation at 500 ϫ g, and supernatants were kept as cytosolic extracts. Nuclei pellets were loosened by vortexing, washed once with hypotonic lysis buffer, and finally dissolved in radioimmunoprecipitation assay buffer (20 mM Tris, pH 7.5, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, and 150 mM NaCl) supplemented with phosphatase and protease inhibitors. Nuclear extracts were sonified (10 min at 4°C in a sonification bath) to destroy genomic DNA. Cellular debris were removed from both extracts by centrifugation. After determining protein concentration extracts were analyzed by immunoblotting.
RESULTS

Expression Pattern of ERK5-
We set out to analyze ERK5 expression in a large array of cell lines. Crude cell lysates and anti-ERK5 immunoprecipitates from various human and nonhuman cancer and non-cancer cell lines were analyzed by anti-ERK5 immunoblot. Because several lines of investigation pointed toward a role for ERK5 in breast cancer, attributing either survival or proliferative potential to ERK5 (15, 22, 23) , we included 19 established breast cancer cell lines in our analysis. As shown in Fig. 1A , a band migrating at 112 kDa corresponding to ERK5 was readily detected in all 19 breast cancer lines as well as in four ovarian cancer cell lines analyzed. Extending the analysis to a wider variety of cell lines, we found ERK5 to be expressed in virtually all cell lines tested (Fig. 1 , B and C) albeit at different levels. The resulting expression profile of ERK5 did not correlate with those of other MAPKs (ERK2, c-Jun N-terminal kinase, or p38) in cell lines derived from the hematopoietic system (Fig. 1C) . The presence of ERK5 in such a wide variety of cell types suggests that ERK5 is most probably ubiquitously expressed and gives no hint of a particular cell type-specific function.
C-terminal Deletions Result in Enhanced Kinase
ActivityNext, we tested whether sequential truncation of the tail would influence the enzymatic activity of ERK5. Therefore, we transfected expression constructs for hemagglutinin (HA)-tagged wild-type ERK5 and several truncated mutants into COS-7 cells (a schematic representation of the mutants used is shown in Fig.  2A ). Kinase activity of exogenous ERK5 in untreated cells was analyzed in anti-HA immunocomplex kinase assays using a fusion protein of GST and a portion of the transcription factor MEF2C as substrate. As shown in Fig. 2 , B and C, deletion of the last 100 amino acids in the 713 mutant of ERK5 resulted in a drastic increase in kinase activity. Deleting the PR2 domain did not further add to the effect on kinase activity, whereas two mutants, ERK5 464 and 409, lacking also the linker region between the two PR domains and the PR1 itself, were even more active. Increased kinase activity of truncated ERK5 was also indicated by enhanced autophosphorylation (Fig. 2, B and D) .
The strong influence of C-terminal truncations on the activity of ERK5 in untreated cells led us to question whether the observed increase in the activity of ERK5 would be dependent on its specific upstream kinase MEK5. Therefore, we tested whether stimulation of starved cells with epidermal growth factor, fetal calf serum, or sorbitol, three known activators of the MEK5-ERK5 pathway (21, 24 -26), would be able to enhance the activity of mutant ERK5. As shown in Fig. 3A, the   FIG. 3. C-terminal deletion facilitates activation. A, transfected COS-7 cells were serum-starved overnight and stimulated as indicated. After lysis, anti-HA immunoprecipitates were subjected to immunocomplex kinase assays using GST-MEF2C as substrate. After separation, samples were analyzed by anti-HA immunoblot and autoradiography. IP, immunoprecipitation. B, COS-7 cells overexpressing HA-tagged ERK5 713 were either left untreated or were starved by serum withdrawal overnight, pretreated with a 10 M concentration of the MEK inhibitor U0126 for 30 min, and stimulated with 20 ng/ml epidermal growth factor for 15 min as indicated. Anti-HA immunoprecipitates were subjected to in vitro kinase reactions using MEF2C as substrate. After separation, samples were analyzed by autoradiography and anti-HA immunoblot. C, transfected COS-7 cells were pre-treated with U0126 for 1 h if indicated. HA-ERK5 wild-type (WT), non-activatable AEF, and truncated AEF-713 were precipitated with anti-HA antibody and subjected to immunocomplex kinase reactions. Autophosphorylation was monitored by autoradiography, and the amount of precipitated kinase by anti-HA immunoblot. activity of ERK5 713 was indeed potently induced in cells treated with either stimulus, as was the case for wild-type ERK5. Likewise, co-expression of a constitutively active MEK5 S311D,T315D (DD) also led to an increase in activity of wildtype and truncated ERK5. The 713 mutant also retained sensitivity to interference with the activating kinase cascade. As shown in Fig. 3B , activity of ERK5 713 in untreated as well as in epidermal growth factor-stimulated cells was blocked by pre-treating cells with a MEK inhibitor. These results indicate that C-terminal truncations of ERK5 most probably facilitate its activation by the MAPK cascade containing MEK5. AEF mutants of ERK5 lacking the two phosphorylation sites for MEK5 cannot be activated but possess basal activity. 2 As shown in Fig. 3C , deletion of the last 100 amino acids of such a mutant (AEF-713) resulted in an increase of ERK5 phosphorylation in immunocomplex kinase assays in a MEK-independent manner, thus indicating that the far C terminus might also impair autophosphorylation of non-activated ERK5.
ERK5 Autophosphorylates on Its C-terminal Tail-
The capacity of ERK5 to auto-phosphorylate has been used in the past to monitor ERK5 activity (21, 27, 28) . Thus, the enhanced activity of the 713 mutant was not only reflected by increased phosphorylation of the substrate MEF2C but also by its autophosphorylation (Figs. 2, B and C, and 3B) . Although further truncated mutants were either similar or even more active than ERK5 713 as indicated by substrate phosphorylation, the degree of autophosphorylation decreased with shortening of the tail. Therefore, we tested whether ERK5 would be able to phosphorylate fusion proteins of different portions of its C- 2 terminal tail and GST. These fusion proteins contained either PR1 domain, PR2, or the C-terminal 100 amino acids (Fig. 4A) . As shown in Fig. 4B , immunoprecipitated ERK5 phosphorylated the fusion proteins containing either the PR1 or the far C terminus to an extent similar to that of MEF2C but not the fusion protein of PR2 or GST itself. These results are in accordance with in vitro results from the group of Phil Cohen analyzing autophosphorylation of purified ERK5 in vitro. The tail was found to contain five of six main autophosphorylation sites; three of these sites are located in the fusion protein containing PR1, and the other two are in the far C-terminal domain (18) . Although these results establish that ERK5 is indeed phosphorylating its own tail, the consequences of these modifications remain elusive.
Nuclear Localization of ERK5-Many MAPK substrates, which include several transcription factors, reside in the nucleus. Translocation of MAPKs from the cytosolic to the nuclear compartment is therefore essential for their ability to regulate gene transcription (29) . Therefore, we analyzed the distribution of ERK5 in different cell lines. We have reported previously that in COS-7 cells, ERK5 localizes not only to the cytosol but also to the nuclear compartment (21) . As shown in Fig. 5 , nuclear ERK5 staining was not restricted to COS-7 cells but was also found in five other cell lines tested, albeit to different extents. The cellular distribution of ERK5 varied largely between this different cells and ranged from predominant nuclear localization in COS-7 cells to an overall diffuse pattern in BT474 cells. It is interesting that ERK5 was found to concentrate in one or more discrete spots in nuclei of MBA MB 468 and BT20 breast cancer cells as well as in those of Rat-1 fibroblasts.
The C Terminus of ERK5 Is a Determinant of Its Nuclear Localization-Small molecules including most MAPKs can, in principle, enter the nucleus by simple diffusion through the nuclear pore. In contrast, proteins with a molecular mass greater than around 60 kDa are actively transported from one side of the nuclear envelope to the other (30, 31) . Because the nuclear import and export of the considerably larger ERK5 can thus be expected to occur by the latter mechanism, we sought to determine whether its C-terminal domain is involved in the regulation of its nuclear localization. We analyzed the localization of ERK5 and its C-terminally truncated mutants in transfected COS-7 cells by immunofluorescence. Although overexpressed full-length ERK5 was found to mainly reside in the cytosolic compartment, deletion of the last 100 amino acids in the 713 mutant resulted in predominant nuclear localization (Fig. 6, A and B) . Similar to the results obtained in the analysis of kinase activity (Fig. 2, B and C) , further truncated 575 mutant was phenotypically identical to 713 and was also predominantly nuclear. In contrast, the two shorter 464 and 409 mutants lacking either most or all of the C-terminal tail were similarly distributed over nuclear and cytosolic compartments in the majority of cells. It is noteworthy that Yan et al. identified a NLS between amino acids 505 and 539 (19) , which is absent in the two shortest mutants. According to the immunofluorescence analysis, wild-type as well as mutant ERK5 were detected in cytosolic extracts by immunoblot analysis. All truncated forms of ERK5 were further readily detected in nuclear extracts. In particular, 713 and 575 were enriched in the nuclear fraction, whereas wild-type ERK5 was hardly detectable at all (Fig. 6C) . Having shown before that C-terminal deletions favor the activation of ERK5, we used the truncated, nonactivatable AEF-713 to test whether activation would be required for nuclear translocation. As shown in Fig. 6D , AEF-713 was predominantly cytosolic. Although ERK5 carries its own NLS and would thus be able to enter the nucleus on its own, its translocation is still governed by the activating kinase cascade containing MEK5.
We next sought to determine whether the tail is able to influence the localization of another MAPK as well. Therefore, we generated a chimeric protein by fusing the complete tail of ERK5 to full-length ERK2, the closest homologue of ERK5 (Fig.  7A) . The wild-type form of ERK2, which is devoid of any domains besides the conserved MAPK domain, was found to reside in the nucleus as well as in the cytosol of cells. Cells expressing the ERK2/5 chimera displayed a marked increase in cells with predominant nuclear staining (Fig. 7, B and C) . It is noteworthy that the subcellular distribution of wild-type ERK2 was similar to the pattern of ERK5 409 mutant, which lacks the entire tail. Because translocation of ERK2 depends on its activation (3), we tested whether ERK2 activity was altered by addition of the tail. In contrast to ERK5, which is strongly inhibited by its own tail, the activity of the chimeric protein ERK2/5 was comparable with wild-type ERK2 (Fig. 7D) .
Subcellular distribution of proteins monitored in fixed cells can be considered a snapshot of a highly dynamic process of protein exchange between all compartments of the cell. To gain some information on the dynamics of nuclear import and export of ERK5, we used leptomycin A to block the nuclear export machinery (32) and tested how this would affect the localization of ERK5. Cells expressing either wild-type ERK5 or the 409 mutant were treated with the toxin and subsequently analyzed by immunofluorescence. Treatment of cells with leptomycin A strongly induced nuclear accumulation of wild-type ERK5, whereas 409 mutant was only mildly affected (Fig. 8, A  and B) .
Taken together, these results suggest a profound role of the unique C-terminal domains of ERK5 in the regulation of its function by influencing its activation, its localization, and the kinetics of its nuclear shuttling. 
DISCUSSION
The C-terminal tail of ERK5 is unique among MAPKs. In this study, we addressed the question of whether this large C-terminal extension could affect the signaling capacity of ERK5. The data presented show that the tail influences not only the activation of ERK5 but also its nucleocytoplasmic shuttling and might thus define the very particular role of ERK5 within the complexity of cellular signal transduction.
Deletion of the last hundred amino acids of ERK5 (713 mutant) led to a marked increase in its kinase activity as assessed by the in vitro phosphorylation of the specific substrate MEF2C. But how could the C-terminal tail of ERK5 influence its enzymatic activity? We considered two possibilities: C-terminal truncation could either result in an enhanced basal activity of ERK5 or facilitate its activation by its specific upstream kinase MEK5, resulting in an increase in number of activated ERK5 molecules. Based on two observations, we favor the latter as the most likely underlying mechanism. Shortened mutants of ERK5 were sensitive not only to stimulation of cells with known activators of ERK5 but also to inhibition of its activating kinase MEK5. Others have speculated previously that the tail could inhibit kinase activity (33) . Such an autoinhibition could occur, for instance, if ERK5 adopted a conformation in which the tail masked the conserved MAPK docking motif that mediates the interaction of MAPKs with their activation MEKs (34). Self-inhibition by an intramolecular mechanism is a common theme in the regulation of kinase activity and has been extensively studied in the case of the tyrosine kinase c-Src (35) and has more recently been demonstrated for tyrosine kinases c-Abl and Bcr-Abl (36, 37).
Nucleocytoplasmic transport of signaling molecules is essential for the regulation of eukaryotic cellular processes such as cell cycle progression, differentiation, and circadian clocks (38, 39) . In the context of MAPK signaling, relocalization of MAPKs from the cytosol to the nucleus is required for phosphorylating and activating those transcription factors that exclusively reside in nuclear compartments (3, 29) . The analysis of several cell lines indicated that endogenous ERK5 localized to cytoplasmic as well as nuclear compartments. When overexpressed in COS-7 cells, ERK5-specific staining was predominantly cytoplasmic; however, deletion of the last hundred amino acids resulted in its nuclear accumulation. Further subsequent de- letion of most or all of the ERK5 tail resulted in a loss of its predominant nuclear localization and in equal redistribution over cytosol and nucleus. Nuclear localization of truncated ERK5 was MEK5-dependent because mutation of the two phosphorylation sites for MEK5 resulted in relocalization of ERK5 to the cytosolic compartment. The distribution of the mutants can be explained by the presence of functional nuclear import and export sequences in the tail region. Yan et al. (19) have identified a functional NLS between amino acids 505 and 539. Sensitivity of wild-type ERK5 to leptomycin treatment, which is lost in the 409 mutant, further shows that the tail is required for a NES-dependent export mechanism. This result further indicates that wild-type ERK5 is continuously shuttling between nucleus and cytosol.
In a simplified model (Fig. 9) , we can consider ERK5 to exist in closed and open conformations. Under steady-state conditions and in the absence of any factor, the majority of ERK5 is assumed to adopt the closed conformation. Under this condition, ERK5 activation by MEK5 and phosphorylation is hampered. Masking of the NLS and exposure of an NES (or coexport with an NES-containing protein) results in a dominant cytosolic localization. The open conformation, on the other hand, facilitates activation and is stabilized by activating phosphorylations. The additional exposure of the NLS overrides the weaker NES and leads to nuclear accumulation. Dephosphorylation of ERK5 by phosphatases triggers the return to the initial state. Deletion of the far C terminus (713 mutant) might be sufficient to destabilize the closed conformation, which could explain the observed hyperactivation and nuclear accumulation. In contrast to wild-type ERK5, the ERK2-ERK5 chimera seems to adopt an open rather than closed conformation, because addition of the tail did not affect kinase activity but induced an increase in nuclear accumulation, possibly by providing an additional import mechanism.
As expected, activated ERK5 can be found in the nuclei of breast cancer cells (22) . However, Raviv et al. recently pointed out that, unlike ERK2, even non-activated ERK5 could be found in nuclei of rat fibroblasts (40) . Nuclear import of ERK2 requires binding of the MEK1/2 containing an NLS (3, 41) . In contrast, because it possesses its own NLS, ERK5 is self-competent to enter the nucleus. According to our hypothetical model, any factor capable of stabilizing the open conformation of ERK5 could thus trigger nuclear import of non-activated ERK5. It is noteworthy that a first activation-independent role for ERK5 was recently demonstrated. The intrinsic basal activity of ERK5 (but not necessarily its activation by MEK5) was shown to contribute to the survival of leukemia cells.
2
ERK5 expression was found in virtually all kind of cells, indicating that ERK5, like other MAPKs, is most likely ubiquitously expressed. Rather than being restricted to a particular function in highly specialized cells, this might further indicate that ERK5 presumably serves in the regulation of diverse cellular functions depending on the cellular context. Indeed, in recent years, ERK5 was implicated in different cellular functions ranging from myoblast differentiation (14) to proliferation of breast cancer cells (25) . Whether and to what extent the C-terminal tail of ERK5 contributes to its distinct functions remains to be addressed. The knowledge accumulated thus far about the ERK5 tail now allows the design of mutants that can be used to address very particular aspects of ERK5 function.
For instance, using the hyperactivated 713 mutant in combination with its functional or inactivated NLS will permit us to discriminate between cytosolic and nuclear functions of ERK5. Of extraordinary interest is the question of which mutants of ERK5 would be able to rescue the embryonically lethal phenotype of ERK5-deficient mice.
